Introduction
Multi-phasic systems are crucial in electrocatalysis where poorly soluble gases such as hydrogen, oxygen, carbon dioxide, or ammonia need to effectively interact with nano-catalysts in three dimensional catalyst architectures [1, 2] . Enhancing reactivity is possible by increasing pressure or by employing triple-phase boundary gas | liquid | solid reactions conditions [3] .
Enhancing reactivity in the triple phase boundary reaction zone is linked to microporosity, surface energy, and catalyst design.
Recently, novel materials have emerged with "triphasic" characteristics in metal-organic frameworks [4] , clays [5] , zeolites [6] , and in porous carbons [7] . Perhaps surprisingly, the presence of the liquid sometimes serves to enhance the gas binding ability of the microporous material [8] . For an electrically conductive microporous carbon material with both gas and liquid electrolyte permeating through the pores it can be proposed that diffusion of gases is affected beneficially (via gas inclusions) and diffusion of aqueous solutes is affected detrimentally (blocked by gas inclusions).
Polymers of intrinsic microporosity (PIMs) [9] ) are comprised of a continuous rigid network of inter-connected micropores, typically less than 2 nm in size. Due to the high structural rigidity of the polymer backbone, efficient packing is hindered and consequently PIMs possess a large number of void spaces for liquid and gas to permeate. Additionally, PIMs (such as PIM-EA-TB, prepared from a diaminoethanoanthracene "EA" monomer via a Tröger base "TB" coupling [10] , see structure in Figure 1 ) are readily soluble in organic solvents (chloroform) and can be easily processed to give coatings and deposits. These highly microporous materials are predominantly being developed for membrane gas separations [11] , but have also attracted attention for heterogeneous electrocatalysis [12] .
In this study, the polymer PIM-EA-TB is converted into a microporous heterocarbon under mild carbonisation conditions at 500 o C. It was recently demonstrated that during vacuumcarbonisation of PIM-EA-TB a decrease in surface area occurs (the Brunauer-Emmett-Teller or BET surface area changed from 1027 m 2 g -1 to 242 m 2 g -1 ) but microporosity increased [13] .
In related studies, a nano-particulate heterocarbon material with slow ingress of aqueous electrolyte and with pH-dependent capacitance was obtained [14] and nano-platinum was formed embedded in the microporous heterocarbon [15] . Here, nano-palladium is embedded into carbonised PIM-EA-TB (or Pd@cPIM). There are previous reports on the formation and application in catalysis of nano-palladium embedded into heterocarbon host materials [16, 17] .
Here the nano-composite is prepared via one-step vacuum-carbonisation and tested for electrocatalytic properties.
Experimental

Materials and Reagents.
Chemicals were purchased from Sigma-Aldrich and used without purification. PIM-EA-TB was obtained following a literature procedure [10] .
Laboratory grade hydrogen gas, oxygen gas, and argon gas were obtained from BOC, UK.
Solutions were prepared using deionised water (with resistivity of 18.2 MΩ cm at 22 o C). (Figure 1D ). ). As seen from the Raman data in Figure 1E , the main peak at 1354 cm -1 can be assigned to the D-peak of disordered amorphous carbon, while the 1598 cm -1 peak is attributed to the G-peak of graphitic carbon [19] . Consistent with previous work, further deconvolution of the Raman spectra gives a shoulder peak corresponding to the TPA-band as well as the A band [14] . electrolyte at a scan rate of 10 mV s -1 ) is employed to characterise the reactivity of the different electrode materials. Figure 2A shows absence of catalysis on bare GC but presence of H2 oxidation (ca. 40 A cm -2 ) on both bare Pd and Pd@cPIM. The high capacitive background current for Pd@cPIM is consistent with values reported for similar materials [14] , but the lack of observable Pd surface redox processes for Pd@cPIM suggests that a dense micro-porous heterocarbon has been formed when compared to recently reported Pt@cPIM materials [15] . Figure 2B shows CVs for the oxidation of formic acid on bare Pd. Oxidation occurs at -0.2 V vs. SCE consistent with formic acid decomposition to adsorbed hydrogen and CO2 [20, 21] . The presence of oxygen is revealed by its onset at +0.3 V vs. SCE. The effects of varying formic acid concentration are shown ( Figure 2B,C) . Thus, on a bare Pd catalyst, two competing processes (oxygen reduction and formic acid oxidation) occur simultaneously. For Pd@cPIM (Figure 2D,E membrane-less micro-fuel cell systems [22] and limited here mainly by the kinetically slow oxygen reduction reaction. There are previous reports of membrane-less formic acid fuel cells being operated at higher temperature and higher power density with flow [21] . In order to improve the stationary micro-power generator more catalyst could be applied. The reaction of oxygen on bare Pd also needs to be suppressed (e.g. by reactor design exploiting the microporosity of Pd@cPIM in a gas diffusion electrode and keeping bare Pd as internal electrode). 
Catalyst Preparation
Oxygen Reduction in the Presence of Formic Acid.
Conclusions
It has been shown that selectivity for gas phase reactions (hydrogen oxidation and oxygen reduction) can be achieved when embedding nano-Pd catalyst into a microporous heterocarbon host. Triphasic conditions are related to the chemical nature of the PIM precursor material and to the conditions during carbonisation. Further work will be needed to quantify the ratio of liquid to gas phase within the catalyst. There are many potential applications where effective and selective gas phase reactions are important including hydrogen, ammonia and methane fuel cells. Catalyst selectivity is also crucial for membrane-less micro-power generator applications.
